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"SLOW" MUON DEPOLARIZATION IN A SINGLE CRYSTAL
‘ OF GYPSUM (Ca S0, - ZHZO)*
Alexainder Schenck '

'Dép.art'mvent‘ of Physics, .Univ'ersity of Washington
 Seattle, Washington 98105

Kenneth M. Crowe

Lawrence Radiation Laboratory, University of California
' " Berkeley, California 94720

' Polarized muons were stopped in a single crystal of
Ca SO4' ZHZO placed in a'_ magnetic field. .MI_J.on ﬁrecves'sion
displayed a beat behavior and a'.”slow"é,psec—decreasé of
the muon spin. p'o‘larization; these effects were found to be
stroﬁgly aependeﬁt on crystal orientation in the field. Con-
sistent exblanation of the fe_s.ults was ab‘chieved by assuming
that the muon 0ccu1;ied a normal proton site, and by consid-
Aeringv the local field effects due to the dipo'le-dipolev inter-

action of muon-proton pairs.

The depolarization phenomena of polarized positive muons stop-

ping in nonmetallic solids has been the éﬁbject of many investigatiohs,.
This ""fast' transverse depolarization occurs in times so short (<1 nseq
that 6n1y.th¢ net rééult_ has been measured by observing the residual po-
laf‘ization. The depeﬁde‘nc.:e on the longitudinal magnetic‘ field of this
fast depolarization and rate can be understood by assﬁming that thu

muon exists part of the time as muonium during the early phase of its



life in the medium
| Measurements of ‘the precessmn emp11tude of polarlzed muons. ,

_ st0pped in sohds 1nd1cate that the residual polarlzatlon seemed bto be
constant in t1me wh1ch the exceptmn ef one measurement done m» B4C
Swansonz_ observed a _decay of t_he precessmn arnphtude with a time
censtenf o.f ~ 6.5 psee.-- For rnany years this was the bnly known ex-

v atnple of a "slow'! _deuelarization in a solid in a trensverse rnagnetic
. field. I:n 1968 Gurevich etsl.?’_ found another. exarnple of slow deeay of
muon.pvola'riza-tion in sulfur With a time .cons‘ta_nt of 3:0 +5 nsecQ The
r.eeentv observs,fion of decay of the spin precessien signavl. of polarized
pusitive rnuons'in paremagnetie solutionsv, 4 which e’st_abxlished a close
relation{ship to the rel’e.va‘.nt relaxation times in proton-NMR e);per- |

iments, stimulated us to look again for ''slow' depolarization in other

~ solids. During the course of our experiment we learned of the measure- .

ments by E. V. Minaichev et al., 5 wnich showed that indeed muons de-
polarlze slowly in a wide class of solids in transverse magnetlc f1e1ds
It should be pointed out that this "slow"' depola.r1zat1on is an add1t1ona1
process which occurs vsubsequent to the abovve mentioned "fast" depoiar-

izatipn.- Attempts ha_ve.been made to explain the '"'slow" depolariza-
tion in terrns of the rr1uonium mechva‘.nism of Ivanter and Srnilga,'é_ The
effect of locel magnetic field interactions due to.the presence of para- .
magnetic impurities or neighboring nuclei has also been consider.ed. 7
However, no quantitative calculations and comparisons have been per-

_ formed.

In applying the NMR picture to the ''slow' muon depolarization in



..3-"

vsolidsv, one tnust consider th’e'questiért of the ch_emtcal situation of the
stopped muon. The sucbcébss of ihterpreting the results in paramagnetic
sdlﬁt‘ionsv "uhd.é.r the as sﬁ_.mptioh that the muon replav,ce's‘ a pfotoh in a
water.‘.rn‘ole.cﬁl_e' and then using 'the.pro'tovvn NMR anaiog_y .érict)uraged us
to try the _sarhe appr.oach in a soiid; A single.crystal of gyp'sum
(Ca SO4‘ ZHZO) se'emed- to be a quite suitable candidate. ‘Itis a diamag-
netié sa.lt, the proton-NMR SPectrum .is vevry simple, 8 énd reorienta-
tiori of the crystal leads to a significant change in the splitting of the
;\TMR pattern. Fui‘thérmore, large single crystals are readily avail-
able. o

| ‘ F_T.he unit cell Of‘s‘ingle-crysta‘l gypsﬁ.m contains pairs of protons
ha'ving two different oriéntations with respect to crystal axes, and
the_i'efore the proton-NMR pattern in an external field HO .cotlsists of

1

pair and w, and 'w3 are resonance frequencies due to the second proton pair.

four lines: w, and w, are resonance frequencies due to the first.proton
As was shown by Pake, 8 these lines may partly coincide, depending on
crystai orientation in the external field. The field that a proton exper-

iences owing to the presence ofits neighbor proton is given by

" - .
6Hp=—§- —2 (3 cos?6-1) = £5.4 (3 cos”0-1) (gauss). (1)
r : v . ‘

A muon in the place of a proton, howe've,r, would see a field that is -

smaller'thé,n that seen by a protoh by a‘facto_r of 2/3, b'_écause thé muon -

and proton have different precession rates. ' (Refer. to Pake, 8 Sec. 7,
~ for de_tails.) Therefore: v |
e _ "" 2 _ 2 ) .
GHM-Y:I:—-P-—3 (3 cos™0-1) = £3.6 (3 cos 6-1) ~ (gauss), ~(2)

r
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where 6 = angle between p-p radius vector and H, and r = 1.55 A

The ‘interaction with the proton nelghbor in the same Water mol-

ecule lea.ds to the line structure, whereas the interaction w_1t_h protons . %
fal-'ther' awe.y is responSib'le for the shape and width of the individual ' _‘",.-5‘
lines, which can be described by a Gaussian distribution:

exp[-4(H-H§)2/AH2] = exé[-4(w'.m.)2/m2],
where w' p(muon) H/‘ﬁ is the frequency or f1e1d at the center of an
1nd1v1dua1 11ne (1) H HO+ 6H where 6H is as glven in Eq (2); a_nd
Aw is thve full w1dth of individual 11nes.

By ebsefvihg the decay of 1:he muon precession signal we are:
Ihea;su_r'ing the Fourier. treneforrh of the NMR line patte'rn or the supe._r-'
position of muonvpreeessio‘n frequencies v&eighted by the shape of the

| _NMR'patfern. ,The maénitude of the polarizatien~_veet0r isv,x' |
F(t) = exp(-t*/T5) cos(-A—Zit) cos(—2y, 3
where we have made use of the mirror symrne'tr'y of the liues. with re-
spect to the external f1e1d H0 or the frequency “o that would be ob-.
served with no dipole interaction. ' | |
The cevntrarl frequency is B | ‘ ' Coe
w:i(w+w +w, +w,), - - )
0 471 2 3 4 . g v

and the dif_fer'ence frequencies are

AW, = W, - W, = W, - W

g T Wy m Wy = ey - g,
W, - W W, - W
S N
A= Tzt

Transverse rela}iation time, TZ’ is equal to 4/Au.
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| The exper1ment was performed at the 184-in. cyclotron at the
Lawrence Rad1at1on Laboratory, Berkeley, us1ng the same apparatus |
that was used by Hague et al. 93 in a ree_ent measur_ement of:the muon
magnet1c moment The precessmn of stopped polarized muons in a
magnet1c field of 1.0 and 4.5 kG, transverse to the axis of polarization
(beam vd1rect1on), was observed by means of the rotating asymmetr1c
p-decay pattern ‘(p+—> e'++ v+v). .Electrons from this decay, detected

i .
by a counter in the plane of the precession, were recorded as a func-

_ tion of lifetime of their parent muon and were formed in an elapsed-

“time histogram. Thisidistributionﬁca'n be.described by

-t/T _
N=Nje  F[1+AF(t) cos(wyt+4)]+ BG, (9

'wher-e : 'r'~L = 2.2 psec," muon mean-lifeti:rne; A = initial decay asymmetry

(t< ’10f9-sec); and BG = eonsta_nt backvgr:ound. -
Equation (4) can be used'to determine the parameter_s. TZ’ A, wi'_s, NO’

¢, and BG hy fitting it to the histogram. The'first 10 psec of the his-

- togram, ’consisting of 600 cycles (at 4.5 kG), was used for this anal-

ysis.

One striking feature of Eqs (3) and (4) is the pred1ct10n of occur-
rences of beats. I_-Iowever, even for the most'favorable case (pos1t1on k
3, Table I) the first zero crossing of the asyrnmetry will not occur be-

fore 3.5 psec. Because the signal at 1.6 mean lives is rather small,

" it is difficult to detect the heat behavior by means of ﬁtting Eq. (4).

Therefore we have used a simplified form of Eq (4), which is a good
approxunatmn for t< 'rp, the statistically most s1gn1f1cant part of the

histogram:
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N (t) N0 exp(- t/'r )[1 +A exp(-t /TZ )cos(m t+ ¢)}+BG. (5)
The effe_ctlve relaxaﬁou time, Tz, is related to the width of the com-
plete "mucn-N IR pattern | | |

Table I summarizes the .crystal or1entat1ons used, the calculated
"muon-NMR" line pattern, the correspondmg TZ’ and the T2 obtamed
.by fitting the data to Eq. ‘(5"). The uncertainty as signed to the measured
T: includes the stati‘.ética-l errcr as well as poseible errors due to in-
accu_racies of the cr"ysntal cri_entation; The calculated TZ* are seen te be _.
_in good agreement with the exper1mental ones. |
The NMR line pattern was calculated for each crystal or1entat1on
- by means of Eq. (2). ”

The 1nd1v1dua1 line w1dth TZ’ can now be d1rect1y obtalned from
the results of pOS1t1on 3, Table I, where the NMR sphttmg is almost |
zero and cerlsequently T2 = TZ— 10..50 p,sec. | |

The rela}‘cation time for polycryetalline po‘v.vc.ler is consistent w1th
'the.fe.re'gelneg analysi_s.' The fit for the anhydrous powder gives a relax-
ation time 'that is very much llonger and'is consistent with no deuolariza-
tion. =

A search for the beat_in‘gv of the precessiou amplitude was done in
thefollowlng’ way. Each,histogram for positiens 4Varv1d. 5 was divided in-
to 500-nsec sections. In each section, a Fcurler analysis was per-
'fermed that led to values for the amplitude and the phase of the preces-
sion at the mean frequency_wo.  Equation (3) predicts the disappearance
of the amplit_ude for position 4 at 7.0 usec and for Iaosition' 3 at 3.6 psec

- and at 9.5 psec. The experimental results, together with a curve
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calculated from Eq. 1(3‘); are shown in Figs. 1 and 2.

| Th‘e"ana;lyses of thése results have been p.erfbrmed on the basis
of assuﬁling_the muon to ta.,kei'thei place of a pr_bfon, and-the consistenéy'
of the explanatidn confir'rn.sv fhe Basic validity of this assumption. The
results of the Fourier analysis with the demonstgatmn of the agreement
between the functlon [Eq. (3)] and the data 1mp11es, furthermore, that
the muons we observed are found in the different S1t¢s of a pro’;on w1{th
equal i)robabilities and in no othéf plaéés:

' ‘As far as 'fnuoniut'n formvationbis concerned, the muons tha.f we
obServéd could,onisr have béen in the muonium state for less than half

-10 s'ec).' The most rea-

a muonium hypérfine prec‘e'ssion périod (= 10
sonable assumptmn is that these muons were placed 1nto the site of a
proton in the hot-atom reactions of muonium atoms. Muons emerging
from that_fractlon o'f muonium atcms that we'r_e thermélized probably
stay long enough as -mﬁoﬁiﬁm to -b‘e completely depolarized. The ob-
served a',symr'netrvy (A = 0.15)»- is about_hé.lf that found in nonde_pblarizing
targets (metals), indicating that about 50% of the rnuéns have been de-
polarized by a "fast.” mechanism. The éite and fate of these muons is
not known. A future publicaﬁén on a variety of solids and liquids will
deal in detail Wifh this ,subject, i.e., fast-depolérization mechanismsi.
We thank: Professor R W. Williams for encouragement and sti-

mulating discussions on muon depovl'arization phenomena; Professor

_Pabst for help in 1dent1fy1ng the crystal axes; E. Geneux, D. L. 'Wil-

11ams, and R. Johnson for assistance in gathermg data without wh1ch
’ . |

the experiments would not have been po_ssib_le. Finally, the e_xcellent

cooperation of the 184-in. -cyclotron staff is gratefully acknowledged.
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Table I. Cémparis‘on between relaxation measurements and calculations for differ-

ént orientations of the gypsum crystal. The crystal axes are given'in the Onorato
convention: (100) = x, (010) =y, z L (x,y). The measured TZ" are independent

of magnetic field strength.

Position]|. Crystal Muon -- NMR B . .Calculated T3 Measured T, .
orientation | .  spectrum [ scale = gauss|] from NMR spectrum (psec)
H,z = 90°
1 CH,x = 94° 5.6 5.50
H,y = 57.5° +.50
ﬁ, Z = gQ0° )
2 H,x = 146° 9.0 10.45
CH,y=62.5° 1.00
" H,z = 90° »
3 Hx=176 10.50 10.50
H,y = 32.5° 1.00
?I, z=0
4 H,x = 90° 5.3 4.80
H,y = 90° +,30
H,z = 40° TN\ :
' il | A
5 H, x = 142° 1 ' 2.9 3.09
- | ) |
H,y=111° } 103 £.20
' p—— 14.2 oy
ﬁ, z = 24°. . o
, N g : 1 :
i - ° ] . | [ . '
6 H,x = 90 /| aPn ! | 5.60 5.50
CH,y = 66° . : P +.,40
H,y = 66 . 7.2 .
Polycrystal,v powder 5.3 5.30.
. . i +.20
Polycrystal, anhy- .- 60.
drous .*20.
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 FIGURE CAPTIONS

Fig. 1. " The ob'se_rvea asymmetry, AF(t)iirf Eq. (4) of text, for

<

the gy.'p‘sum crstal oriéﬁfation ha'vingv two NMR lines, position 4
in Table I. The asymmetry is.calculated for O.S;psec intervals
vefsus ‘muon li_f:étimé." The céﬁstant baékgféund is épp‘roximat'el.y '
2% at._t = 0. The so_lv_i_d curve slows the theoretical A-F(t) ;alcu-

lated from Eq. (3).‘ ..

Fig. 2. .‘The asann.ﬁétry forvcrykstal bosifi-f;n 5. The four lines'va'fe
seen to ihterfere ét ébouf 4 psec and the asyrnrr}etfy reverses sign
bé_tv-ze'er; 5 and'S pse;: before the statistics and backgréund obscuré
the s»igna.l. The solid curve v_for 'A-f‘(t) was ‘f_:al.cul‘ated from Eq.(3).
The detailed vagreer.nent is marginal, sugg’estir_lg.that the actual
cry‘sfél orientation was slightly diffezA'enti from the aﬁgles used. | :

These angles were uncertain to ~ 10°.

& 3

. o
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